INTRODUCTION {#s1}
============

Non-alcoholic fatty liver disease is ranged from elevated lipid accumulation in hepatocytes to steatosis with inflammation and fibrosis and non-alcoholic steatohepatitis (NASH) is the most extreme form \[[@R1]\]. NASH patients are at an increased risk for malignancy in both hepatocytes and cholangiocytes \[[@R2]\]. Increasing studies have pointed to the chronic inflammation in NASH as the key promoter of these malignancies. In a mouse model with choline-deficient high-fat diet, metabolic activation of CD8+ T cells and natural killer cells promotes NASH to HCC transition \[[@R3]\]. However, there is basically no knowledge about the transition of NASH to cholangiocarcinoma (CCA).

One key inflammatory cytokine mediating almost all stages of liver diseases is transforming growth factor beta (TGFβ) as it contributes to lipid accumulation by deregulating lipid metabolism and enhancing apoptosis of lipid-accumulating hepatocytes, thus leading to progression of NASH to fibrosis \[[@R4]\]. The activating role of TGFβ on Kupffer cells and hepatic stellate cells to exacerbate liver fibrosis has been well documented \[[@R5]\]. However, during carcinogenesis, the role of TGFβ remains controversial. In some mouse models with decreased availability of TGFβ receptor II, HCC susceptibility is greatly increased \[[@R6]\]. However, in other studies, TGFβ promotes HCC by inducing hepatocyte apoptosis and compensatory proliferation \[[@R7]\]. Transcriptomic study of clinical HCC samples revealed that TGFβ serves as a suppressor of tumorigeneis in early stage but become a promoter in later stages \[[@R8]\]. However, the involvement of TGFβ in CCA is unclear although TGFβ signaling has been found to be the major activated pathway based on transcriptomic analysis of combined hepatocholangiocarcinomas \[[@R9]\]. In contrast to this, it has been reported that cholangiocyte-specific knockout of TGFβ receptor II gene in mice induces CCA, suggesting that TGFβ signaling restricts cholangiocyte carcinogenesis \[[@R10]\]. While these studies demonstrated relevance of TGFβ during liver disease progression, there is no conclusive evidence whether TGFβ alone could be a driver oncogene to initiate liver carcinogenesis or it only acts as a cofactor to promote/suppress tumor growth after carcinogenesis.

In this study, the molecular mechanism driving disease transition from NASH to carcinogenesis was investigated. Through diet-induced zebrafish NASH, we found that elevated leptin production induced *tgfb1a* overexpression. By generating an inducible *tgfb1a* transgenic zebrafish model under the hepatocyte-specific *fabp10a* promoter, we demonstrated that chronic, high level of hepatocyte-specific *tgfb1a* expression led to both HCC and CCA. By comparing zebrafish and human liver disease samples, we provided the first evidence of *tgfb1* as a key oncogene for both HCC and CCA, operating via different molecular mechanisms.

RESULTS {#s2}
=======

Diet-induced NASH in zebrafish larvae with increased triglyceride accumulation and inflammation {#s2_1}
-----------------------------------------------------------------------------------------------

NASH can be induced in zebrafish with a high fructose or cholesterol diet \[[@R11], [@R12]\]. In our experiments, 5-dpf (day post fertilization) zebrafish larvae were fed for 7 days with normal, 10% glucose, 10% fructose or 10% cholesterol diet. Only fructose- or cholesterol-diet induced significant increases of hepatic triglyceride accumulation (Figure [1A](#F1){ref-type="fig"}). To observe if the steatotic livers had impaired ability of lipid clearance, larvae on different diets were co-exposed to 1 μg/ml fluorophore-tagged cholesterol from 4 dpf. Half of the exposed larvae were sacrificed at 10 dpf and significant increases of fluorophore-tagged cholesterol deposits were observed in livers of fructose- and cholesterol-fed larvae (Figure [1B](#F1){ref-type="fig"}). For the remaining half, fluorophore-tagged cholesterol was removed and sampled at 12 dpf. By then fructose-fed larvae already eliminated fluorophore-tagged cholesterol while cholesterol-fed larvae showed lower clearance. By RT-qPCR, hepatocytes from fructose- or cholesterol-fed larvae showed up-regulation of lipogenic genes: *srebp1*, *pparg* and *cebpa* (Figure [1C](#F1){ref-type="fig"}).

![High fructose and cholesterol diets induced NASH in zebrafish larvae\
5-dpf zebrafish larvae were fed with normal (control), 10% glucose-, 10% fructose- or 10% cholesterol-infused diet for 7 days and examined by various assays. **(A)** Whole mount Oil Red O staining (red) to visualize triglyceride accumulation and quantification of larvae stained positive in the liver (right). Dotted lines outline larvae livers (n\>100/group). **(B)** Clearance of cholesterol on different dietary plans. The top row shows liver sections of 10-dpf larvae after 5 days of feeding with different diets together with 1 μg/ml of BODIPY® 493/503 cholesterol and the bottom row shows liver sections of 12-dpf larvae after two days of withdrawal of BODIPY® 493/503 cholesterol. Quantification of BODIPY® 493/503 cholesterol deposits (n=20/group) is shown on the right. **(C)** RT-qPCR determination of lipogenesis-related gene expression in hepatocytes from *fabp10+* larvae fed with different diets. Fold changes are values from *fabp10+* larvae fed with glucose-, fructose- or cholesterol-infused diets vs. values from *fabp10+* larvae fed with normal diet.**(D)** Gross morphology of *lyz+* (top row) and *mpeg+* (bottom row) larvae fed with different diets to show DsRed/mCherry-marked neutrophils and macrophages respectively. Dotted lines mark the livers. Quantifications of neutrophil and macrophage density in the livers (n=20/group) are shown on the right. **(E)** Immunofluorescent staining (red) with anti-Nfκb2 antibody on liver sections of larvae fed with different diets. Quantification of Nfκb2+ cells in the liver sections (n=20/group) is shown on the right. **(F)** RT-qPCR determination of inflammatory-related gene expression in hepatocytes from *fabp10+* larvae fed with different diets. Fold changes were calculated as described in (C). Scale bars, 100 μm in (A) and (D), and 20 μm in (B) and (E). Statistical significance, \*p\<0.05.](oncotarget-08-77096-g001){#F1}

Another key aspect of NASH is the initiation of chronic inflammation response. Using DsRed-expressing neutrophil (*lyz+*) and mCherry-expressing macrophage (*mpeg+*) reporter transgenic zebrafish, immune cell infiltration was examined in larvae on different diets. In fructose- and cholesterol-fed larvae, significant increases of neutrophil and macrophage densities were observed compared to larvae on normal or glucose diet (Figure [1D](#F1){ref-type="fig"}). Staining of Nfkb2, a key inflammatory regulator of NASH, also showed up-regulation in fructose- and cholesterol-fed larvae (Figure [1E](#F1){ref-type="fig"}). Elevated inflammatory response in hepatocytes of fructose- and cholesterol-fed larvae was further proved by up-regulation of pro-inflammatory genes, *il1b*, *tnfa* and *nfkb2* (Figure [1F](#F1){ref-type="fig"}). Thus, NASH was induced in larvae within 7 days of fructose and cholesterol feeding, but not of glucose feeding.

NASH-induced leptin elevation induces Tgfb1a overexpression {#s2_2}
-----------------------------------------------------------

Leptin is a satiety hormone regulating appetite and it activates JAK/STAT3 and PI3K/AKT pathways \[[@R13]\]. We hypothesized that the increased triglyceride accumulation in hepatocytes of fructose- or cholesterol-fed larvae would trigger an increase of leptin. Consistent with this, both leptin mRNA and protein were increased, correlating to the extent of NASH (Figure [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}). Leptin is known to induce Tgfb1 \[[@R14]\]; hence, expression of *tgfb1a* mRNA and protein was examined in larvae on different diets. Both *tgfb1a* mRNA and protein showed corresponding increases with leptin expression (Figure [2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}). Using an inhibitor of JAK/STAT3 (JSI-124) or PI3K/AKT (LY294002) pathway, leptin-induced Tgfb1 expression was suppressed by JSI-124 but not LY294002 in cholesterol-fed larvae (Figure [2D](#F2){ref-type="fig"}). Downstream markers of Tgfb1 signaling, P-Smad2 and P-Erk, showed corresponding increases in fructose-fed and cholesterol-fed larvae (Figure [2E](#F2){ref-type="fig"} and [2F](#F2){ref-type="fig"}), which were similarly inhibited by JSI-124 but not LY294002. Thus, in the zebrafish NASH model, Tgfb1 was induced by leptin via the JAK/STAT3 pathway.

![NASH induced Leptin and TGFβ1 signaling\
5-dpf larvae were fed for 7 days with normal (control) diet or infused diets with 10% glucose, 10% fructose, 10% cholesterol, 1 μM JSI124 (STAT3 inhibitor)+10% cholesterol or 1 μM LY294002 (PI3K inhibitor)+10% cholesterol and these larvae were examined for *lepa* and *tgfb1a* expression and downstream signaling. **(A)** RT-qPCR determination of *lepa* expression in hepatocytes isolated from *fabp10+* larvae fed with different diets. Fold changes are expression values in larvae on different diets against those on normal diet. **(B)** Immunofluorescent staining of Leptin in the liver sections of larvae on different diets (left) and quantification of percentage of Leptin+ cells in the liver sections (right, n=20/group). **(C)** RT-qPCR determination of *tgfb1a* expression in hepatocytes isolated from *fabp10+* larvae fed with different diets. Fold changes are expression values in larvae on different diets against those on normal diet. **(D)** Immunofluorescent staining of Tgfb1 (red) in liver sections of larvae on different diets (left) and quantification of percentage of Tgfb1+ cells in the liver sections (right, n=20/group). **(E)** Immunofluorescent staining of P-Smad2 (red) in liver sections of larvae on different diets and quantification of percentage of P-Smad2 positive cells in the liver sections (right, n=20/group). **(F)** Immunofluorescent staining of P-Erk (red) in liver sections of larvae on different diets and quantification of percentage of P-Erk+ cells in the liver sections (right, n=20/group). Scale bars, 20 μm. Statistical significance, \*p\<0.05.](oncotarget-08-77096-g002){#F2}

Persistently high *tgfb1a* expression drives HCC and CCA {#s2_3}
--------------------------------------------------------

TGFB1 is known to promote NASH and liver fibrosis, but its role in HCC remains controversial \[[@R4], [@R6]\]. Both timing and level of TGFβ activation have been suggested for its diverse effects \[[@R15], [@R16]\]. To clarify the role of Tgfb1 in liver disease progression, an inducible *tgfb1a* transgenic zebrafish line with a hepatocyte-specific *fabp10a* promoter was generated using a DNA construct as depicted in Figure [3A](#F3){ref-type="fig"}. Mifepristone was used to induce transgenic *tgfb1a* expression, allowing the control of duration and level of transgenic expression \[[@R17], [@R18]\]. A chronic induction experiment was conducted with three dosages, 1 μM (low), 2 μM (medium) and 3 μM (high) of mifepristone. High *tgfb1a*-expressing zebrafish were unable to survive beyond 6 weeks apparently due to development of severe liver tumors whereas \>50% of low and medium *tgfb1a-*expressing fish survived for 9 weeks after the induction (Figure [3A](#F3){ref-type="fig"}).

![Chronic, high level of *Tgfb1* induction in hepatocytes causes both HCC and CCA\
3-month-old *tgfβ+* transgenic zebrafish were treated with 1 μM (low), 2 μM (medium) and 3 μM (high) mifepristone for 6 weeks and examined with various assays. **(A)** Schematic representation of DNA constructs used for generation of inducible *tgfb1a* transgenic zebrafish (left) and survival curves of *tgfb1a+* zebrafish under different doses of mifepristone (n=20/group) (right). **(B)** Expression of *tgfb1a* (top) and *mCherry* (bottom) mRNA and protein in *tgfb1a+* zebrafish under different doses of mifepristone (n=20/group). RNA expression was determined by RT-qPCR determination (left) and protein expression determined by immunofluorescent staining. **(C)** Gross morphology (top row) and H&E stained liver sections (bottom row) of *tgfb1a*+ zebrafish under different doses of mifepristone. Quantification of liver histology based on H&E stained liver sections is shown on the right (n=20/group). **(D)** Examples of hyperplastic bile duct and CCA from H&E stained liver sections in *tgfb1a*+ zebrafish induced with 3 μM mifepristone (10X; Inset, 40X). **(E)** Immunofluorescent co-staining of a-Sma (green, for myofibroblasts) and Alcam (red, for cholangiocytes) or co-staining of a-Sma (green) and Keratin 18 (red, for cholangiocytes) on liver sections from 3-μM mifepristone-treated *tgfb1a*+ zebrafish. Quantification of bile duct circumference based on these staining is shown on the right (n\>20/group). **(F)** Immunofluorescent co-staining of PCNA (green) and keratin 18 (red) antibody on liver sections from 3-μM mifepristone-treated *tgfb1a*+ zebrafish. White arrowhead points to proliferating cholangiocytes. Quantification of percentage of proliferating cholangiocytes is shown on the right (n=20/group). Scale bars, 20 μm in all panels except for the top row of (C), where scale bars represent 100 μm. Statistical significance, \*p\<0.05. Control groups were *tgfb1a+* zebrafish without mifepristone induction.](oncotarget-08-77096-g003){#F3}

By 6 weeks of chronic induction, while expression of *mCherry* mRNA and protein was rather constant among the different dosage groups, both *tgfb1a* mRNA and protein showed a dose-dependent increase (Figure [3B](#F3){ref-type="fig"}). TGFβ receptor genes, *tgfbr1a, tgfbr1b* and *tgfbr2,* were also increased in hepatocytes of *tgfb1a+* transgenic zebrafish under the high induction condition ([Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}). Histologically, at the low induction, moderate hepatocyte hyperplasia and marked increase of apoptotic hepatocytes were scattered throughout the liver. At the medium induction, all fish examined showed increased hepatocyte hyperplasia. \~60% of fish had well demarcated clusters of highly vacuolated hepatocytes which compressed surrounding hepatic tissue, a typical feature of hepatocellular adenoma (HCA). At the high induction, all fish showed marked hepatic hyperplasia. Liver cells of most fish showed high nuclear-to-cytoplasmic ratio, with prominent and/or multiple nucleoli, increased infiltration of mononuclear inflammatory cells and a loss of demarcation of hepatic plate. 70% fish were diagnosed as grade II HCC and the remaining as HCA (Figure [3C](#F3){ref-type="fig"}). By 9 weeks of chronic induction, low induction caused all fish to have hyperplastic livers while the medium induction caused 50% fish to have HCA, suggesting that the medium *tgfb1a* expression could drive carcinogenesis ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}).

Cytological analysis for different levels of *tgfb1a* induction was consistent with the histological observations. PCNA+ proliferating cells showed a time- and dose-dependent increase ([Supplementary Figure 3A](#SD1){ref-type="supplementary-material"}). Caspase 3+ apoptotic cells were increased across all the induction doses at week 3. At week 6, the low *tgfb1a*-expressing zebrafish had the highest apoptosis while the medium and high *tgfb1a-*expressing groups showed decreased apoptosis ([Supplementary Figure 3B](#SD1){ref-type="supplementary-material"}).

Interestingly, after 6 weeks of high *tgfb1a* induction, 80% (16/20) *tgfb1a+* transgenic zebrafish after mifepristone induction had patches in the liver without Tgfb1a/mCherry expression (Figure [3B](#F3){ref-type="fig"}). Histological examination revealed that 40% (8/20) of these fish contained focal areas of hyperplastic bile preductules and larger bile ducts. Another 30% (6/20) fish had biliary tissues with irregular and poorly differentiated ductal structures that invaded through the basement membranes, a distinct feature of CCA (Figure [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}). Co-staining of a biliary cells marker (keratin18 or Alcam) with a myofibroblast marker (aSma) validated these structures as bile ducts (Figure [3E](#F3){ref-type="fig"}) \[[@R19]\]. TGFβ receptor genes were up-regulated in cholangiocytes from *tgfb1a+* zebrafish after 6 weeks of high induction ([Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}). Average circumference of bile ducts in the high *tgfb1a*-expressing fish was also significant increased, which were confirmed by co-staining of PCNA and keratin18 (Figure [3F](#F3){ref-type="fig"}).

Chronic and high *tgfb1a* expression induces switching in dominant signaling pathways {#s2_4}
-------------------------------------------------------------------------------------

The duration- and dose-dependent effect of *tgfb1a* implied an intricate molecular mechanism. Two most prominent downstream signaling pathways of Tgfb1 are Smad and Erk pathways that are respectively associated with apoptosis and proliferation \[[@R20]\]. To investigate if the pleiotropic effect of Tgfb1 was due to changes in the two pathways, co-staining of Hnf4a (demarcating hepatocytes) \[[@R21]\] with P-Smad2 or P-Erk was conducted (Figure [4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}). By 3 weeks of *tgfb1a* induction, both P-Smad2 and P-Erk showed dose-dependent increases, but P-Smad2+ hepatocytes had a higher initial increase than P-Erk+ hepatocytes, suggesting that short, low *tgfb1a* induction favored Smad pathway. By 6 weeks of *tgfb1a* induction, a dramatic increase of P-Erk+ hepatocytes was observed while P-Smad2+ hepatocytes were highly increased only at the low induction dose (Figure [4C](#F4){ref-type="fig"} and [4D](#F4){ref-type="fig"}). The P-Erk/P-Smad2 ratio was low at the low induction dose but increased dramatically at the medium and high doses (Figure [4E](#F4){ref-type="fig"}). By 9 weeks, P-Smad2+ hepatocytes continued to fall with the medium induction dose while P-Erk+ hepatocytes increased persistently, suggesting the switch in dominance between Smad and Erk pathways was affected not only by the level but also duration of Tgfb1 signaling.

![Chronic, high level of hepatocyte-specific *Tgfb1* expression initiates a switch of dominant pathways from Smad to ERK\
**(A, B)** Immunofluorescent co-staining of Hnf4a(green)/P-Smad2(red) (A) or Hnf4a(green)/P-Erk(red) (B) in liver sections of *tgfb1a+* zebrafish induced with different levels of mifepristone for 3 and 6 weeks. **(C-E)** Quantification of P-Smad2 (C), P-Erk positive hepatocyte density (D) and P-Erk/P-Smad2 ratio (E) in these *tgfb1a+* zebrafish shown in (A and B) (n=20/group). Control groups were *tgfb1a+* zebrafish without mifepristone induction.](oncotarget-08-77096-g004){#F4}

To investigate if aberrant Smad and Erk pathways contributed to oncogenicity of Tgfb1, 3 month old *tgfb1a+* zebrafish were induced with the high mifepristone dose for 3 weeks and inhibitor of Smad2 and P38 MAPK (PD169316) or Erk (U0126) was added for another 3 weeks. PD169316 did not relieve HCC histology but deterred CCA and reduced bile duct hyperplasia in *tgfb1a+* zebrafish. In contrast, in the presence of U0126, *tgfb1a+* zebrafish had less severe hepatic neoplastic features, with 10% of the fish with HCC, 20% with HCA and the rest with hyperplasia, in comparison with 60% HCC, 20% HCA and 20% hyperplasia in the group without the inhibitor (Figure [5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}), suggesting that *tgfb1a* induced HCC via an Erk-dependent mechanism while CCA formation could be attributed to activation of both Smad/P38 and Erk. Molecularly, inhibition of Smad/P38 did not significantly increase P-Erk+ hepatocytes while Erk inhibition caused P-Smad2+ hepatocytes to regain dominance (Figure [5C](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}). Consistent with the histological findings, Smad/P38 inhibition increased cell proliferation and decreased apoptosis while Erk inhibition had opposing effect (Figure [5E](#F5){ref-type="fig"} and [5F](#F5){ref-type="fig"}).

![Effects of inhibition of Smad2 or MEK in *tgfb1a*+ zebrafish\
To determine if the switch of Smad to ERK signaling from chronic, high level of *tgfb1a* expression caused both HCC and CCA, 3-month old *tgf1a+* zebrafish were induced with 3 μM of mifepristone for 3 weeks and either 1 μM PD169316 or 1 μM U0126 was added for another 3 weeks. **(A)** Gross morphology (top row) and H&E stained liver sections (bottom row) of *tgfb1a*+ zebrafish in the presence of inhibitors. **(B)** Quantification of liver histology based on H&E stained liver sections (n=20/group). **(C,D)** Hepatocyte expression of P-Smad2 (C) or P-Erk (D). Hepatocytes were marked by Hnf4a expression and quantifications of P-Smad2+ and P-Erk+ hepatocytes are shown on the right (n=20/group). **(E,F)** Proliferation (E) and apoptosis (F) of liver cells. Proliferation and apoptosis cells were marked by expression of PCNA and Caspase3 respectively and quantification of these cells are shown on the right (n=20/group). **(G,H)** Cholangiocyte expression of P-Smad2 (G) or P-Erk (H). Cholangiocytes were marked by Cytokeratin 18 (CK18) expression and quantifications of P-Smad2+ and P-Erk+ Cholangiocytes are shown on the right (n=20/group). Scale bars, 20 μm except for those in the top row of (A) where scale bars represent 100 μm. \*p\<0.05. Control groups were *tgfb1a+* zebrafish without mifepristone induction. Control groups were *tgfb1a+* zebrafish without mifepristone induction.](oncotarget-08-77096-g005){#F5}

To examine the molecular effect of chronically high Tgfb1 induction in cholangiocytes, co-staining of Keratin18 with P-Smad2 or P-Erk was performed (Figure [5G](#F5){ref-type="fig"} and [5H](#F5){ref-type="fig"}). By 6 weeks of high *tgfb1a* induction, cholangiocytes showed significant increases of both P-Smad2+ and P-Erk+. Inhibition of Smad/P38 or Erk also decreased P-Smad2+ or P-Erk+ in cholangiocytes accordingly.

Erk inhibits both Smad2 nuclear localization and its anti-mitogenic function by phosphorylating Smad2 in the linker domain (Serine 245/250/255), \[[@R22]\]. To understand the switch between Smad and Erk, co-staining of P-Erk and P-Smad2L (linker phosphorylation) was carried out. By medium or high *tgfb1a* induction, P-Erk+/P-Smad2L+ cells were significantly higher at week 6 than at week 3, which was greatly reduced by U0126 but not PD169316; thus, chronic *tgfb1a* induction resulted in phosphorylation of Smad2 linker via an Erk-dependent mechanism (Figure [6A](#F6){ref-type="fig"}). Furthermore, localization of P-Smad2L was observed in hepatocytes but not cholangiocytes after 6 weeks of *tgfb1a* induction, thus consistent with the co-activation of Smad and Erk in cholangiocytes but not hepatocytes ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). It has been known that Smad pathway is commonly associated with apoptosis while Erk pathway is synonymous with cell proliferation \[[@R20]\]. To investigate if the decreased P-Smad2+ hepatocytes were due to apoptosis death while increased Erk+ hepatocytes were a result of overwhelming cell proliferation, co-staining of P-Erk/PCNA as well as P-Smad2/Caspase 3 was carried out. With 6 weeks of *tgfb1a* induction, both P-Erk+/PCNA+ and P-Smad2+/Caspase3+ cells showed dose- and duration-dependent increases (Figure [6B](#F6){ref-type="fig"} and [6C](#F6){ref-type="fig"}). Neither PD169316 nor U0126 treatment could decrease the proliferating P-Erk+ cells or apoptotic P-Smad2+ cells, suggesting the dependency of *tgfb1a* induction for the increased double-positive cells.

![Molecular switch of dominant signaling pathway during chronic *tgfb1a* induction\
3-month-old *tgfb1a+* transgenic zebrafish were treated with 1 μM (low), 2 μM (medium) and 3 μM (high) mifepristone for 6 weeks. For inhibitor experiments, 1 μM of either PD169316 (Smad2 inhibitor) or U0126 (MEK inhibitor) was introduced in the high-induction group after three weeks of mifepristone treatment. **(A)** Immunofluorescent co-staining of P-Erk/P-Smad2L on liver sections of these *tgfb1a+* zebrafish (n=20/group). **(B)** Immunofluorescent co-staining of P-Erk/PCNA on liver sections of these *tgfb1a+* zebrafish (n=20/group). **(C)** Immunofluorescent co-staining of P-Smad2/Caspase 3 on liver sections of these *tgfb1a+* zebrafish (n=20/group). Scale bars, 20 μm. Statistical significance, \*p\<0.05. Control groups were *tgfb1a+* zebrafish without mifepristone induction.](oncotarget-08-77096-g006){#F6}

Conserved expression patterns of TGFB, SMAD and ERK in human liver disease patients {#s2_5}
-----------------------------------------------------------------------------------

In several independent transcriptomic analyses of NASH, cirrhosis and HCC in human, *TGFB1* was consistently up-regulated \[[@R14], [@R23], [@R24]\]. However, a lack of coherent study across different stages of the liver disease on TGFb1 expression and its downstream activation hindered the understanding of the chronical effect of TGFB1. In this study, liver samples from human patients (normal, n=5; inflammation, n=7; cirrhotic, n=16; HCC, n=30) were examined for TGFB1, P-SMAD2 and P-ERK expression. As shown in Figure [7A](#F7){ref-type="fig"} and [7B](#F7){ref-type="fig"}, cytoplasmic TGFB1 and nuclear p-SMAD2 and p-ERK were observed, suggesting nuclear translocation of SMAD2 and ERK protein following phosphorylation. Percentages of TGFB1+, P-SMAD2+ and P-ERK+ cells were all increased progressively across the liver disease spectrum. In particular, 26% of HCC samples showed significantly higher TGFB1 expression, consistent with the transcriptomic data in which 25% of HCC patients had up-regulated *TGFB1* mRNA \[[@R25]\]. Interestingly, correlation between TGFB1 and P-SMAD2 was decreased with liver disease progression (inflammation, R=0.9615, P=0.0005; cirrhosis, R=0.8862, P\<0.0001; HCC R=-0.2113, P=0.2624) while correlation between TGFB1 and P-ERK showed the opposite trend (inflammation, R=0.2043, P=0.6603; cirrhosis R=0.4047, P=0.1200; HCC R=-0.5097, P=0.0004) (Figure [7C](#F7){ref-type="fig"} and [7D](#F7){ref-type="fig"}). Thus, in HCC patients with high TGFB1 expression, the dominant pathway was ERK instead of SMAD (Figure [7C](#F7){ref-type="fig"} and [7D](#F7){ref-type="fig"}), consistent with observations in *tgfb1a+* zebrafish. By comparing normal bile ducts and CCA samples for expression of TGFB1, P-SMAD2 and P-ERK, there were consistent increases in expression of all three proteins (Figure [7E](#F7){ref-type="fig"} and [7F](#F7){ref-type="fig"}); thus, up-regulated TGFB1 expression and downstream signalings were crucial for human CCA development.

![Correlation of TGFβ signaling and human liver disease progression\
A panel of liver disease samples from human patients was examined for histology by H&E staining and for TGFB1, P-SMAD2 and P-ERK expression by antibody staining. **(A)** H&E staining of human liver disease samples (top row) and immunostaining of TGFB1, P-SMAD2 and P-ERK in liver sections. **(B)** Quantification of TGFB1+, P-SMAD2+ and P-ERK+ cells in the liver sections of the disease samples (Normal, n=5; Inflammation, n=7; Cirrhosis, n =16; HCC n=30). **(C)** Correlation of TGFB1 expression with level of P-SMAD2 or P-ERK in human liver disease samples. **(D)** R-value trend of correlation between TGFB1 with P-SMAD2 or P-ERK in human liver disease patients. **(E)** H&E staining and immune staining of TGFB1, P-SMAD2, P-ERK of human CCA samples. **(F)** Quantification of percentage of positive bile ducts cells for immune staining of TGFB1, P-SMAD2 and P-ERK of human samples (normal, n=5; CCA, n=12). Scale bars, 20 μm. Statistical significance, \*p\<0.05.](oncotarget-08-77096-g007){#F7}

DISCUSSION {#s3}
==========

NASH in human is characterized by both increased fat accumulation and chronic inflammatory response in the liver \[[@R26]\]. In this study, through feeding of high fructose- or cholesterol-infused diet, zebrafish larvae showed rapid triglyceride accumulation in the liver, impaired ability of hepatic cholesterol clearance and elevated inflammatory response, thus recapitulating key characteristics of human NASH \[[@R2], [@R3], [@R26]\]. Molecularly, hepatocytes of these zebrafish larvae showed marked increases of leptin and Tgfb1. Similarly in human, numerous studies have shown a rise of serum leptin in NASH patients \[[@R27], [@R28]\]. A transcriptomic study of NASH also has revealed a concomitant increase of both *lepr* (leptin receptor) and *tgfb1* expression, supporting the connection of leptin pathway and TGFB1 overexpression in NASH \[[@R14]\],

In our study on human liver disease progression, TGFB1 and its downstream SMAD and ERK pathways were significantly activated with the advancement of liver disease to HCC. In particular, 26% of HCC patients showed drastic increase in TGFB1 expression, consistent with a previous transcriptomic report on HCC patients \[[@R29]\]. Interestingly, the correlation of TGFB1 and P-SMAD2 is high for inflammation and cirrhosis while the correlation of TGFB1 and P-ERK is high in HCC (Figure [7C](#F7){ref-type="fig"} and [7D](#F7){ref-type="fig"}), implying that chronic, high TGFB1 expression in human livers also shifts the dominant downstream pathway from SMAD to ERK, consistent with previous reports in human cell lines that increased transgenic *TGFB1* expression induced a shift from canonical (SMAD) to non-canonical pathway (ERK, AKT, etc.) \[[@R22]\]. Our *tgfb1a*+ transgenic zebrafish model recapitulated the switch between SMAD and ERK signaling as six weeks of chronic, high *tgfb1a* induction caused a sharp decrease of P-Smad2+ hepatocytes and a corresponding increase of P-Erk+ hepatocytes, eventually leading to HCC via an Erk-dependent mechanism. This finding should be applicable to at least a subset of human liver cancer patients with elevated TGFB1 expression.

Till date, most studies on *Tgfb1* have suggested its early suppressor and late promoter roles in carcinogenesis \[[@R8], [@R30]\]. In the present study, we demonstrated in the zebrafish model a novel role of *tgfb1a* as a cancer driver gene to be able to initiate hepatocarcinogenesis by overexpression alone. Interestingly, in a mouse study, hepatocyte-specific induction of *Tgfb1* expression caused liver fibrosis \[[@R31]\]. Consistent with this observation, we also observed increase of fibrosis markers such as Collagen I and Laminin upon induction of *tgfb1a* in our transgenic zebrafish (data not shown). However, there was no report of HCC in the inducible Tgfb1 transgenic mouse model probably due to insufficient Tgfb1 induction compared to the current study as we did observed a dosage-dependent increase of tumor incidences in our *tgfb1a+* transgenic zebrafish (Figure [3C](#F3){ref-type="fig"}).

Curiously, by chronic, high *tgfb1a* expression, 40% of fish developed bile duct hyperplasia and 30% had mixed HCC-CCA. Thus, hepatocyte-specific expression of *tgfb1a* drives not only HCC but also CCA. This is reminiscent of a previously reported zebrafish CCA model by hepatocyte-specific expression of two hepatitis virus proteins, in which transcriptomic study of the CCA indicated a prominent increase of Tgfb signaling \[[@R32]\]. Together, both studies have consistently suggested that the CCA observed is caused by Tgfb1-activated cholangiocytes. Furthermore, in our study, biliary cells in zebrafish and human have similarly concurrent activation of Erk and Smad pathways; this is in consistency with genomic analyses of CCA patients, in which MAPK and SMAD signaling pathways have been identified as most commonly affected mutations \[[@R33]\]. In our zebrafish model, inhibition of either pathway deterred CCA, suggesting simultaneous activation of the two pathways is essential for *tgfb1a*-induced CCA. Interestingly, Tgfb1 has been reported to have a restrictive role in bile duct growth as hepatocyte-specific knockout of *Tgfbr2* in a mouse *Pten^-/-^* HCC model induced robust cholangiocyte proliferation \[[@R10]\]. Although an opposite genetic manipulation (Tgfb signaling depletion) was used in their study, the underlying molecular mechanism was in fact consistent with our study; i.e. both depletion of Tgfb signaling via knockdown of *Tgfbr2* in their study and chronic overexpression of *tgfb1a* in our study decreased Smad signaling below the basal level in hepatocytes, thus producing a similar molecular effect.

In sum, our study demonstrated that overexpression of *tgfb1a* alone in hepatocytes causes not only HCC but also CCA, thus establishing *tgfb1a* as a driver oncogene in both liver cancers. Interestingly, HCC and CCA driven by Tgfb are operated via different molecular pathways. Initially, chronic overexpression of Tgfb1 mediates the transition of NASH to HCC/CCA. Oncogenicity of Tgfb1 in HCC is dependent on the switch of dominant activated signaling pathway from Smad to Erk signaling in hepatocytes while concurrent activation of Smad and Erk signalings in cholangiocytes is essential for Tgfb1-induced CCA. These observations were also validated in human samples of various stages of liver diseases including inflammation, cirrhosis and carcinoma. Hence, inhibition of TGFB signaling could be an effective therapeutic option for NASH-induced HCC patients.

MATERIALS AND METHODS {#s4}
=====================

Zebrafish husbandry {#s4_1}
-------------------

All zebrafish experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and the protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of the National University of Singapore (Protocol Number: 096/12). Transgenic zebrafish lines, including *Tg(lyz:DsRed*2) (nz50Tg) with DsRed-labeled neutrophils under the *lyz* (*lysozyme C*) promoter \[[@R34]\], *Tg(mpeg1:mCherry)* (gl22Tg) with mCherry-labeled macrophages under the *mpeg1* (*macrophage expressed gene 1*) promoter \[[@R35]\], and *Tg(fabp10:DsRed; ela3l:EGFP)* (gz15Tg) with DsRed-labeled hepatocytes under the *fabp10a* (*fatty acid binding protein 10a*) promoter \[[@R36]\], were used in this study and referred to as *lyz+, mpeg+ and fabp+,* respectively, in the present report.

Induction of zebrafish NASH by feeding with supplements {#s4_2}
-------------------------------------------------------

Supplement-infused diets were prepared as previously described \[[@R11], [@R37]\]. Briefly, glucose (Sigma), fructose (Sigma), cholesterol (Sigma) was dissolved in DMSO to make 10% solutions, of which 400 μl was added to 0.5 g of standard zebrafish larval food. The diets were left to dry overnight and grounded to powder form. 5-dpf larvae fed with normal, 10% glucose, 10% fructose or 10% cholesterol infused diet. To study cholesterol clearance, BODIPY® 493/503 cholesterol (Life Tech) was added directly to the water to 1 μg/ml. For imaging fluorescent cholesterol, exposed larvae were fixed in 4% PFA for 2 hours at room temperature, embedded in 1.5% Bacto-agar and soaked in 30% sucrose overnight at 4°C. The embedded larvae were then cryo-sectioned and imaged immediately.

Oil red O staining {#s4_3}
------------------

100 12-dpf (day post fertilization) larvae from each dietary plan were fixed in 4% paraformaldehyde (PFA) (Sigma) in PBS at 4°C and incubated in 60% 2-propanol for 10 min, followed by staining with freshly filtered 0.3% Oil Red O in 60% 2-propanol.

Generation of *tgfb1a* transgenic zebrafish {#s4_4}
-------------------------------------------

Full-length *tgfb1a* cDNA was cloned by RT-PCR from liver RNA of WT adult zebrafish. Plasmid fabp10a-LexPR-T2A-mCherry-LexOP-tgfb1a was constructed for mifepristone inducible expression of *tgfb1a*. Transgenic founders were generated by injection of the plasmid with AC transposase RNA at one-cell stage. The resulted transgenic line is named *Tg(fabp10:lexpr-t2a-mcherry-lexop-tgfb1a)* and referred to as *tgfb1a+* in this report. All experiments reported here were based on F3 of the transgenic line originated from the same F1 transgenic fish and a single transgenic insertion was presented in this transgenic line as evident from Mendelian inheritance ratios from F1 generation.

Isolation of hepatocytes and cholangiocytes by FACS (fluorescence-activated cell sorting) {#s4_5}
-----------------------------------------------------------------------------------------

150 12-dpf *fabp+* larvae per dietary plan or 10 *tgfb1a+* 5 months old adult non-induced or induced with 3μM of mifepristone were used for FACS using a cell sorter (BD Aria). Whole larvae or adult liver were dissociated into single cells in the presence of 0.05% trypsin (Sigma) and filtered using a 40-μm mesh (BD falcon). Hepatocytes were isolated based on DsRed expression for *fabp10+* larvae and mCherry expression for *tgfb1a+* adult. Cholangiocytes were isolated using Alcam antibody from *tgfb1a+* non-induced or induced with 3μM of mifepristone adult liver.

RNA extraction, cDNA amplification and RT-qPCR (reverse transcription-quantitative PCR) {#s4_6}
---------------------------------------------------------------------------------------

Total RNA was extracted using RNeasy mini kit (Qiagen). A total of 5 ng RNA was used as a template to synthesize and amplify cDNA using QuantiTect Whole Transcriptome Kit (Qiagen). Amplified cDNA was used for RT-qPCR with LightCycler 480 SYBR Green I Master (Roche). Interested genes were amplified by 40 cycles (95°C, 20 seconds; 65°C, 15 seconds; 72°C, 30 seconds). The sequences of primers used are presented in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}.

Chemical treatments {#s4_7}
-------------------

For chemical treatments, 20 5-dpf zebrafish larvae fed with 10% cholesterol-infused diet were co-exposed with either 1 μM of JSI124, a Stat3 inhibitor (Tocris), or LY294002, a PI3K inhibitor (Tocris), for 7 days. For induction of *tgfb1a* expression from *tgfb1a+* transgenic zebrafish, 1, 2 or 3 μM of mifeprisone (Sigma) were used to incubate 3-month-old fish for 6 weeks. For inhibition of Smad and Erk activity, 1 μM PD169316 (Sigma) or U0126 (Sigma) was added to *tgfb1a+* zebrafish after 3 weeks of 3 μM mifepristone induction. All chemical dosages were selected based on the highest all-survival concentrations.

Histological and cytological analyses {#s4_8}
-------------------------------------

10 Adult livers or 20 12-dpf larvae were fixed in 4% PFA/PBS in phosphate buffered saline (Sigma, USA) and paraffin-sectioned at 5 μm thickness using a microtome, followed by hematoxylin and eosin (H&E), Sirius Red, immunofluorescence (IF) or immunohistochemistry (IHC) staining. H&E (Sigma) and PicroSirius Red (Sigma) staining was carried out as per manufacturer\'s instruction. IF and IHC staining was carried out as previously described \[[@R38], [@R39]\]. Primary antibodies used in this study are presented in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}. Paraffin-sectioned samples were incubated overnight with a primary antibody and washed with PBS, followed by incubation with an appropriate secondary antibody. The slides were counter-stained with 5 μg/ml of DAPI (4',6-Diamidine-2'-phenylindole dihydrochloride) to facilitate nucleus observation. Histological phenotypes of livers were identified based on criteria previously described for fish \[[@R40], [@R41]\].

Photography and image analysis {#s4_9}
------------------------------

At each sampling point, 10 adult fish or 20 larvae of each group were randomly chosen for imaging. Adult zebrafish were anesthetized in 0.08% \[[@R38]\] tricaine (Sigma) and larvae immobilized in 3% methylcellulose (Sigma) before imaging. Adult zebrafish was photographed individually with Olympus microscope. Each larva was photographed separately either using Olympus microscope or a confocal microscope (Carl Zeiss LSM510). Quantification of positively-stained cells was carried out using online ImageJ software.

Human patient samples {#s4_10}
---------------------

Paraffin-embedded human liver disease progression tissue microarray was purchased from Biomax Inc. (LV8011a). Patients were classified into five groups: Normal (n=5), inflammation (n=7), cirrhosis (n=16), HCC (n=30) and CCA (n=12). Four slides were subjected to H&E staining and immunostaining for TGFB1, P-SMAD2 and P-ERK, which was conducted by Biopolis-Shared-Facilities (IMCB, Singapore).

Statistical analysis {#s4_11}
--------------------

Statistical significance between two groups was evaluated by two-tailed unpaired Student t-test using inStat version 5.0 for Windows. Statistical data are presented as mean values±standard error of mean (SEM).
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